Because of its ancient origin more than 1 billion years ago, the highly reduced plastid genomes of Plantae (e.g., plant chloroplasts) provide limited insights into the initial stages of endosymbiont genome reduction. The photosynthetic amoeba Paulinella provides a more useful model to study this process because its alpha-cyanobacterium-derived plastid originated $60 Ma and the genome still contains $1,000 genes. Here, we compared and contrasted features associated with genome reduction due to primary endosymbiosis in Paulinella plastids and in marine, free-living strains of the picocyanobacterium, Prochlorococcus. Both types of genomes show gene inactivation, concerted evolution, and contraction of gene families that impact highly conserved single-copy phylogenetic markers in the plastid such as psbA, psbC, and psbD. Our data suggest that these photosystem II genes may provide misleading phylogenetic signal because each of the constituent Plantae lineages has likely undergone a different, independent series of events that led to their reduction to a single copy. This issue is most problematic for resolving basal Plantae relationships when differential plastid gene loss was presumably ongoing, as we observe in Paulinella species. Our work uncovers a key, previously unappreciated aspect of organelle genome reduction and demonstrates "work-in-progress" models such as Paulinella to be critical to gain a fuller understanding of algal and plant genome evolution.
Introduction
The first photosynthetic organelle resulted from primary endosymbiosis, whereby a cyanobacterium was captured and retained by an ancestral heterotrophic protist (Palmer 2003; Bhattacharya et al. 2004 ). This plastid-harboring lineage gave rise to a vast diversity of extant photosynthetic life, including Glaucophyta, Rhodophyta, and Viridiplantae, which collectively comprise the Supergroup Plantae (Yoon et Only one other independent case of primary plastid endosymbiosis is known, in the filose amoebae Paulinella (Euglyphida, Rhizaria). The best-studied member of this lineage, P. chromatophora, contains two blue-green, "sausageshaped" plastids (Lauterborn 1895; Bhattacharya et al. 1995) . Its sister taxa are heterotrophic and include P. ovalis, P. indentata, and P. intermedia. Here, we use Paulinella plastid genomes as a model to investigate the evolution of duplicated genes during the earlier stages of cyanobacterial endosymbiosis. We show examples of differential gene loss and concerted evolution among paralogous gene families that occurred after the primary cyanobacterial endosymbiosis. These processes significantly complicate the use of conserved phylogenetic markers such as psbA and psbD and other anciently duplicated genes (i.e., psbC) to infer the phylogeny of all plastids. Given the complex evolutionary history of these photosystem II (PSII) genes, we recommend the use of phylogenetic markers that existed in single-copy prior to primary endosymbiosis to resolve the branching order of Plantae plastids. When we apply this approach, then phylogenetic analysis supports the glaucophyte-first hypothesis.
Materials and Methods

Sequencing of Paulinella psbA Genes
Phototrophic Paulinella chromatophora CCAC 0185 and Paulinella sp. FK01 strains were used for total genomic DNA extraction. In addition, individual cells were isolated by hand under an inverted microscope from field-collected water samples. Cells were deposited in phosphate-buffered saline prior to lyses in cold KOH. Cell lysate genomic DNA was amplified using a whole genome amplification (WGA) kit according to the manufacturer's protocol (REPLI-g Mini Kit, Qiagen). The samples were incubated at 30 C for 14 h using a thermal cycler. The WGA reaction was inactivated by incubation for 3 min at 65 C and the amplified DNA was stored at À80 C until further processing (see detail in Heywood et al. 2010; Reyes-Prieto et al. 2010). These procedures resulted in DNA from seven phototrophic Paulinella cells from Japan (JPl02, JPm06, and JPs21), Korea (KR02), New Zealand (NZ17 and NZ27), and United States (BB1) whose identities were confirmed by nuclear 18S rDNA sequencing (FK01 strain, GenBank FJ456918). Three psbA gene copies were detected using BLASTp (E 1eÀ10) ). These primers were used for polymerase chain reaction (PCR) reactions followed by sequencing of amplification products. The primers were designed to provide specific intergenic spacer sequence between psbA and the flanking genes. Each sequence was confirmed using Chromas v.1.45 and the proteins were aligned manually. All indel positions were confirmed from sequences using forward and reverse PCR primers. All novel sequences have been deposited in GenBank (accession numbers JQ610631-JQ610654) and the alignments are available upon request from H.S.Y.
Bioinformatic Analysis
Cyanobacterial, Paulinella plastid, and Plantae plastid wholegenome sequences and annotations were downloaded from National Center for Biotechnology Information (NCBI). Orthologous genes were identified using the reciprocal best BLAST hit strategy (E 1eÀ5) implemented in Domainbased Detection of Orthologs (DODO) (Chen et al. 2010 ). Duplicated genes were identified using methods previously described (Gu et al. 2002) , unless otherwise stated. As an example in Paulinella CCAC 0185, we used one of its protein sequences as a query to search the whole-genome protein data set from this species (including 867 sequences) using BLASTp (E 1eÀ5). For each detected query-hit gene pair, we extracted the total length of aligned regions (L) and the overall sequence identity of the aligned regions (I) from the BLASTp output. The hit was considered as a paralog of the query gene if: 1) the hit was a distinct sequence from the query, 2) L was !50% length of both query and hit sequences, and 3) if L was !150 amino acids, I was !30%. When L was <150 amino acids, the minimal I for parology assignment was I ! 0.06 + 4.8L À0.32 (1 + exp[ÀL/1,000]) according to Rost's formula (Rost 1999 ). The aforementioned procedure was conducted for each of the 876 sequence of Paulinella CCAC 0185. The resulting paralogous gene pairs were used for gene family construction. A gene was assigned to a gene family if it was found to be paralogous to at least one of its members.
Sequence alignments were built using MAFFT (Katoh and Toh 2010), and the poorly aligned regions were removed using Gblocks (Àb4 = 5, Àb5 = h) ( Talavera MBE alignments often lack adequate phylogenetic signal with regard to ancient relationships, we removed alignments <70 amino acids in length. In addition, we excluded alignments that lacked data from the glaucophyte Cyanophora paradoxa, leaving 34 genes for phylogeny inference. To identify all ancient paralogous genes, we used the same procedure as described earlier, except that 25% sequence identity (instead of 30%) was used as the cut-off value to take into account the larger evolutionary distance among ancient gene duplicates. In addition 
Results and Discussion
Two Independent Cases of Genome Reduction
As a prelude to our study of genome reduction, we first inferred a phylogenetic tree using a concatenated alignment of 265 proteins from 16 Cyanobacteria and 2 Paulinella plastids. (e.g., WH5701 and RCC307) . The same gene cluster, but without psbA, was also found in We reconstructed the phylogenetic history of psbA genes from Synechococcus, Prochlorococcus, and Paulinella. This phylogeny shows that two types of psbA genes (D1:1 and D1:2) co-exist in Synechococcus genomes. However, in Paulinella plastids, only the D1:2 type of psbA genes are present. In contrast, Prochlorococcus (both MIT9303 and reduced genome taxa) only contain the D1:1 type gene ( fig. 2B ), indicating differential gene loss in these taxa. The three Paulinella psbA genes from CCAC 0185 and FK01 form well-supported monophyletic groups (fig. 2B) . The multi-copy psbA genes from each cyanobacterium were also grouped together. These results were surprising, because given the gene-order data, we expected to find monophyletic groups that defined each genomic region (inset in fig. 2B ) rather than each taxon. 
All nodes in this maximum
FIG. 1. Phylogenetic analysis demonstrates two independent cases of genome erosion and gene family reduction in alpha-
MBE
The conflict between syntenic relationships and the phylogenetic tree is explained by concerted evolution, whereas psbA genes in the same genome were "homogenized" Paulinella plastids (i.e., Genomic region 3, fig. 2A ), the opposite took place in Prochlorococcus (i.e., Genomic region 1,  fig. 2A ). This dichotomy might reflect alterations in the photosynthetic machinery in response to different environmental conditions because the two isoforms of psbA genes fulfill different functions (Sicora et al. 2006 ). Like psbA, concerted evolution was also found in its distant homolog psbD (PSII D2) genes in these lineages (supplementary fig. S63,  Supplementary Material online) .
It is worth noting that D1 and D2 proteins, encoded by psbA and psbD, respectively, are physically bound together in the reaction center of the PSII complex, and both genes were reported in cyanophage genomes to be a genetic reservoir for the host ( 
Inactivation of the psbA Gene in Paulinella Plastid Genomes
Given the existence of single-copy psbA genes in all Plantae plastids and the global trend of paralogous gene loss in reduced genomes, we hypothesized that psbA genes in different Paulinella lineages might have undergone differential gene loss and/or gene inactivation. To test this hypothesis, we compared three psbA genes from P. chromatophora CCAC 0185 and Paulinella sp. FK01 with homologs from seven different isolates collected from Korea, Japan, New Zealand, and the United States. The psbA genes in the novel isolates were amplified using position-specific PCR primers (see Materials and Methods). All three psbA genes were readily amplified from all the isolates, suggesting the absence of lineage-specific gene deletion. However, we identified two 1-bp insertions in the psbA gene in Genomic region 2 that exists in multiple strains closely related to Paulinella sp. FK01 (i.e., JPs21, NZ27, and KR02 in fig. 2C; see also supplementary fig. S64,  Supplementary Material online) . In the phylogeny, these four genes were grouped together with long branches (F-C  group in fig. 2C ). It is likely that inactivation (pseudogenization) of the psbA gene has occurred in the Genomic region 2 homolog in the FK01-lineage through the insertion of a single nucleotide resulting in a frame-shift mutation.
Within the two lineages (i.e., P. chromatophora CCAC 0185 and Paulinella sp. FK01), several subclades were observed ( fig. 2C ): C-A and C-B groups in the CCAC 0185 lineage and F-A, -B, and -C groups in the FK01 lineage. The C-A group (82% bootstrap support) contained two isolates from Japan and showed the monophyly of three paralogous genes, indicating concerted evolution among these loci. In contrast, some psbA genes in Genomic region 2 were grouped together (red labels in fig. 2C ; 62% bootstrap support) within the C-B group, which was a mixture of paralogs from Genomic regions 1 and 3 in isolates that originated in Germany, the United States, and New Zealand. These data suggest the existence of an early stage of concerted evolution in Genomic regions 1 and 3, but the maintenance of an orthologous gene relationship in Genomic region 2. Similar trends were found for the FK01 lineage in the F-A and F-B groups. The inconsistency between phylogenetic-and genome synteny-based relationships among psbA genes from these recently diverged Paulinella strains suggests the presence of ongoing concerted evolution for this gene family in closely related lineages. It is interesting that the psbA pseudogenes (i.e., the F-C group) seem no longer to be involved in the process of gene homogenization as demonstrated by their monophyly (fig. 2C) .
In summary, our results show that one psbA gene copy has become a pseudogene in the Paulinella FK01 lineage and is no longer subject to concerted evolution with respect to the remaining functional copies of this critical gene. We speculate that other Paulinella psbA gene copies that also undergo the complicated gene homogenization process will ultimately become pseudogenes and be deleted, leaving a single functional copy as found in all Plantae plastids.
Single and Previously Multicopy Plastid Genes Provide Inconsistent Phylogenetic Results
As a necessary component of PSII, plastid psbA has long been considered a robust and faithful phylogenetic marker. This reflects its high sequence conservation and single-copy status in Plantae plastids (Yoon et al. 2002 
Conclusion
Our work identifies a fundamental, previously unappreciated issue associated with plastid gene trees. We suggest that it is no longer possible to assume that homologous (i.e., presumably orthologous) plastid genes faithfully recover the branching order of Plantae plastids. The Paulinella example, if true for Plantae, demonstrates that serially duplicated gene families of the PSII complex in the cyanobacterial endosymbiont may provide misleading phylogenetic signal due to the forces of concerted evolution and differential gene loss that accompanied genome reduction. This type of insight can only be gleaned from models such as Paulinella that provide exceedingly rare cases of "evolution in action" with respect to primary endosymbiosis. If our reasoning is correct, then the tree inferred from the 30-protein "single-copy and anciently duplicated" gene tree ( fig. 3A) should be reliable (i.e., in terms of gene choice) and supports the glaucophyte-first hypothesis. This suggests that the ancestral cyanobacterial trait of plastid peptidoglycan present in glaucophytes was lost once in the common ancestor of red and green algae (Reyes-Prieto and Bhattacharya 2007). More generally, our results point out that caution needs to be exercised when choosing serially duplicated genes (in particular, genes that encode components of the PSII complex) to resolve deep phylogenetic relationships, be it for the tree of plastids or for the pan-eukaryotic tree of life.
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